Abstract-In this paper, the optimization of both sum and difference patterns of linear monopulse antennas with low side lobe levels, high directivity and also narrow main beam width are efficiently solved by Continuous Ant Colony Optimization (ACO) Method. The synthesis problem is optimized by defining a suitable cost function which is based on limitation of the side lobe level. In this work, three different parameters are considered to be optimized separately which are the excitation amplitude of each element, the excitation phase of each element and finally the element-to-element spacing. Numerical results of each step, sum and difference patterns, are illustrated in each related part. Finally, we investigate placing some nulls in specific directions to suppress the jamming signals in both sum and difference patterns.
INTRODUCTION
The two most important parameters in designing a monopulse array antenna are high directivity and the least possible side lobe level. As the matter of fact, to design a high-performance monopulse antenna, large arrays have to be employed to gain a high directivity and also high radiation power; hence the antenna main beam has to contain most of the energy fed into antenna. This means that the sidelobes have to have very low radiation characteristics comparing to main beam. So lowering the side lobe level (SLL) of the antenna is one of the most important optimization parameters.
In [1] , Haupt used minimal modifications on both sum and difference patterns to introduce some nulls by assigning a phase shift or complex factor to each element excitations to make both sum and difference patterns which have to be generated by independent excitation distributions. Rodriguez [2] used Phase-only Control Method and Subarraying [3] to place some quasi-nulls in specific directions while optimizing the side lobe levels of both sum and difference patterns as well. In [4] a Hybrid Real/Integer-Coded Differential Evolution Method is used to optimize both sum and difference patterns of a monopulse antenna. There are several optimization methods inspired by nature which can be applied to both continuous and discrete optimization problems especially for array antenna synthesis such as Genetic Algorithm [5] [6] [7] [8] , Neural Networks [9] , and Simulated Annealing [10] , Particle Swarm optimization [11, 12] , The Invasive Weed optimization technique [13] , Ant Colony Optimization Method [14, 15] , Bees algorithm [16] and Clonal Selection algorithm [17] .
In this paper, Continuous Ant Colony Optimization (ACO) method has been employed as the introducing method and Genetic Algorithm (GA) is used for comparing the results. Although this method has a very strong ability to solve any NP-hard combinatorial optimization problems [18] , there are few optimization works which are done by this method especially in antenna and microwave optimization problems. This Method can be modified for both discrete [19] and continuous optimization problems [20] . In [14] , discrete ACO method has been employed to optimize the side lobe level of a Thinned Array Antenna. There is no report on using continuous Ant Colony Optimization method for minimizing the side lobe level of an array antenna and also placing nulls in specific radiation directions so far. Hence in this paper, we used the continuous ACO for minimizing the SLL of the array antenna and placing some quasi-nulls in specific directions and compared the ACO optimization results by GA optimization method as well.
We consider a linear antenna array which is symmetrical about its center. Three different ways are employed to synthesis the array antenna in the case of minimizing the side lobe level of the antenna. To this aim, one option is to have an equally spaced array with specific element amplitude and phase distribution in which the excitation amplitude and phase of each element are the optimization parameters. Another possibility is to vary the position of the elements with uniform amplitude and equal phase.
In most cases, they are required to operate in situations in which intentional or unintentional jamming signals are being received from certain directions [2] . To cancel out these unwanted signals, a practical solution is to put nulls or quasi-nulls in those directions for both sum and difference patterns. In this case, we employed ACO to place some quasi-nulls in specific directions as well as to minimize the SLL of the antenna.
In this paper, we report the extension of the Continuous Ant Colony Optimization method to design both sum and difference patterns with low side lobe level (SLL), narrow main beam width and also nulls in direction of interferences and compare all the ACO results by Genetic Algorithm Method subsequently. The mathematical formulation of the synthesis problem will be shown in the first part. Then the Continuous Ant Colony Optimization concepts will be discussed in the next part. Afterward the numerical results will be shown in four different categories, optimization of excitation amplitude, phase and element positions and finally placing nulls in direction of jamming signals. 
MATHEMATICAL FORMULATION
A linear array of M isotropic elements is considered which is positioned symmetrically along the z-axis shown in Fig. 1 (M = 2N and N is an integer number). For this kind of structure the array factor AF (θ) can be defined by [21] :
where, a n (n = −N . . . − 3, −2, −1 and 1, 2, 3 . . . N) are the excitations of each element which can be differ in both amplitude and phase from each other. "k" is the wave number of the medium in which the antenna is located (k = 2π/λ, λ is the wavelength), "d i " is the distance between the elements, and θ defines the angle at which AF is calculated with respect to the direction of the antenna array. For sum pattern, the excitation coefficients are fixed and symmetrical around the center of the array [4] . Under this condition and also by considering the array as an equally spaced one and the excitation phase values are the same for each side, we have a −n = a n (n = 1, 2 . . . N). And the main array factor formula (1), for sum pattern, reduced to below:
For difference pattern, the excitation coefficients must be antisymmetric a −n = −a n (n = 1, 2 . . . N) [4] . In this case the array factor, for equally spaced array, is reduced as following:
Since we assume that both patterns are symmetric around array center, only one half of elements are used for pattern synthesis. In (3) and (4) the excitation coefficients may change in both amplitude and phase for each element and the formulas are defined assuming that the array is an equally spaced one. But in a case that the elementto-element spaces are the subject to be optimized the array factor formula, assuming that the excitation amplitudes and phase values are the same for sum pattern and anti-symmetrical for difference pattern, will be changed as following for both sum and difference patterns:
All (3), (4), (5) and (6) are the basis functions for optimization problem which will be discussed in this paper.
ANT COLONY OPTIMIZATION THEORY
In this part, it will be presented how the Ant Colony Optimization (ACO) can be used for continuous search domains (Fig. 2) and applied to mixed-continuous optimization problems [20] . Ant Colony Optimization Algorithm was studied from various sources [18-20, 22, 23] . Optimization algorithms inspired by the ants' foraging behavior proposed by Dorigo in his PhD thesis in 1992 have been initially used for solving combinatorial optimization problems [20] . Although at first, ACO algorithms were introduced to solve discrete optimization problems; their ability to solve continuous optimization problems attracts an increasing attention. In the continuous domain, a component is a value of x i for ith dimension of the solution x (a < x j < b) which is an n-element vector in n . Rather than using discrete distribution, the continuous PDF P i (x i ) is used as defined below [20] :
At first, a number of ants are generated to start searching the domain for each dimension. Each ant starts its journey by choosing a PDF in each dimension according to (11) . Then it generates a number according to chosen PDF [20] .
At next step, the solution found by each ant is evaluated and then all solution found in each step are sorted from the best-iteration solution to the worst one. The most important part of the ACO algorithm is Pheromone (most communication among individuals is based on chemicals called pheromone) updating process which is done when all ants finished their journey and all solutions are evaluated. Pheromone update is a process of modifying the probability distribution used by the ants during the construction process, so that it can guide the ants towards better solutions [20] and finally the best one. This process is formed of two steps: -First, reinforcing the probability of the best-iteration solution components in each dimension. -Second, decreasing the weights of the probabilities in the each dimension which give the worst-iteration solution.
The number generating and updating processes will be done continuously until the solution meet the error criteria. In other words if best solution does not change after some iteration, the process will be terminated and the best solution is the best value which optimizes the defined cost function. Fast Convergence to the best global solution is the most important and desirable feature of the Ant Colony Optimization Method.
NUMERICAL SIMULATIONS -PATTERN OPTIMIZATION
In this section, the numerical results of the sum and difference patterns of a 100-element array which is symmetrical around its center will be illustrated. Three parameters are optimized separately in each step and the sum and difference patterns of each optimization result will be shown subsequently. Finally the optimized parameters for each step will be illustrated all in Table 1 . 
Optimizing the Excitation Amplitude of Each Element
Here, we consider a 100-element equally spaced array antenna in which the distance between elements is 0.5λ and all they have identical phase values. As mentioned before the cost function is to reduce the SLL of the antenna to its least possible value and the excitation amplitude of each element is the subject to be optimized in this part. But it has to be mentioned that the excitation amplitude coefficients are still symmetrical around the center of the array and are constrained to lie between 0 and 1. Figure 3 and 4 illustrate both sum and difference Patterns of the antenna optimized by ACO method and Genetic Algorithm respectively. The ACO optimized sum pattern has a maximum relative sidelobe level about −50.9 dB and the GA optimized sum Pattern has a SLL of about −28.1 dB. Similarly it is clear that the maximum sidelobe level of difference pattern optimized by ACO is about −48 dB and the SLL of the difference pattern optimized by GA is about −27.35 dB. It can be easily seen that in this section the optimization results of ACO are far better than those of GA.
Optimizing the Excitation Phase of Each Element
Let us now consider a 100-element equally spaced array antenna. The element spacing is 0.5λ but in this case all the elements have identical current amplitudes and the excitation phase values are optimized by both ACO and GA methods. The Excitation Phase values for each element are constrained to lie between 0 and π. Figures 5 and 6 show the sum and difference patterns optimized by ACO and GA methods respectively. The maximum relative sidelobe level for sum and difference patterns optimized by ACO are −23 dB and −20.8 dB respectively and −20.8 dB and −18.87 dB for the GA optimized patterns. It is obvious that, although the array feed network can become relatively simpler than before but sidelobe levels are increased in both patterns.
Optimizing the Element-to-Element Spacing
In this part, the element-to-element spacing is subject to change while all feeds have identical current phase and amplitude. Same as before, a 100-element array is considered to be optimized to have the least SLL.This kind of array antenna is really desirable because the configuration is really simple and there is no need for a complex feed network since all elements are excited by the same current for sum pattern and fed anti-symmetrical to make difference Pattern. The ACO optimized patterns for excitation phase optimization.
Figure 6.
The GA optimized patterns for excitation phase optimization.
The element spacing values are forced to lie in between 0.5λ and λ. Fig. 7 and Fig. 8 show the sum and difference patterns optimized by ACO and GA respectively. The maximum relative sidelobe levels for the optimized sum Pattern by ACO and GA are −17.4 dB and −16.4 dB and for difference patterns are −17.6 dB and −16 dB respectively.
NUMERICAL SIMULATIONS -FIXING (QUASI) NULLS IN BOTH SUM AND DIFFERERNCE PATTERNS
In this section, the Ant Colony Optimization method is employed to introduce some nulls in direction of jamming signals. In this work, it is assumed that there are two jamming signal main beams at θ = 40 • and 80 • . The cost function is constructed for maximizing the SLL as well as minimizing the array factor value in both 40 • and 80 • shown in (12) . In the following, two way of fixing nulls in the desired directions by optimizing excitation amplitudes and phase values will be investigated and the results will be shown later.
Optimizing the Cost Function by Optimizing the Excitation Amplitudes
The excitation amplitudes are the subject of optimizing to have the least possible side lobe level as well as two quasi-nulls at θ = 40 • and 80 • for both the sum and difference patterns. Fig. 9 shows the ACO optimized sum and difference patterns in which two quasi-nulls are introduced at θ = 40 • and 80 • . The side lobe levels of the sum and difference patterns are now −38 dB and −36.4 dB respectively and the quasi-nulls are about −50 dB deep. 
Optimizing the Cost Function by Optimizing the Excitation Phase values
The excitation phase values for each element are now optimized by ACO to minimize the side lobe level and introduce two quasi-nulls at θ = 40 • and 80 • and the results are illustrated in Fig. 11 . The side lobe levels of the sum and difference patterns are now −21.16 dB and −18.71 dB respectively and the quasi-nulls have at least a 60 dB deep. The GA optimized sum and Patterns with quasi-nulls at the mentioned directions are shown in Fig. 12 . The side lobe levels for this case are −17.88 dB for sum pattern and −14.20 dB for difference pattern and the maximum deepness of the quasi-nulls is −40 dB.
CONCLUSION
In this paper, the optimizations of both sum and difference patterns of monopulse antennas by Continuous Ant Colony Optimization Method have been considered. All the optimized values are shown in Table 1 . The method has been checked versus several cost function optimizations. The results confirm that the ACO can find the best optimum value for mixed discrete-continuous problems at relatively a short time and the ACO can guarantee that the results are the best global values comparing with the results shown in Table 2 especially for optimizing the SLL of the array factor only by excitation amplitudes which results very good values for SLL for both sum and difference patterns (about −48.2 dB and −50.9 dB). Further developments will be aimed at further reviewing the capabilities of the ACO algorithm when applied for different synthesis problems.
